INTRODUCTION
============

Food intake is firmly related with individual body type (i.e., lean vs. obese) and is supposed to be regulated by feeling of hunger to maintain the natural state of homeostasis. The hypothalamus has been thought as a core brain structure for controlling the food consumption \[[@B1]\]. However, when sufficient food is available, eating behavior is mainly provoked by the reward value of food such as taste or quality \[[@B2]\], and abnormal eating behavior seems to be more related with the common reward pathway which is modulated by dopamine (DA) \[[@B3]\].

Gaining weight is one of the consequences of deficit in dopaminergic modulation, as evidenced by an association of depressive symptoms and body mass index (BMI) \[[@B4]\] and increase in body weight after deep brain stimulation \[[@B5]\] and dopaminergic medications \[[@B6]\] in patients with Parkinson\'s disease. Decreased striatal DA D2/3 receptor availability has been shown in obese subjects, which was correlated inversely with BMI \[[@B7]\]. These data suggest involvement of dopaminergic deficit in pathological eating behavior and obesity.

Anatomical, functional, and metabolic asymmetries between the hemispheres in the healthy brain have been widely accepted \[[@B8],[@B9]\]. More recently, there have been growing interests in the neurochemical asymmetry and its associations with neuropsychiatric conditions such as stress \[[@B10]\] and cognitive decline \[[@B11]\] have been reported. Although some studies suggested a link between dopaminergic function and BMI in pathological eating behavior and obesity \[[@B12],[@B13]\], how the dopaminergic system is related with the individual difference of BMI in non-obese subjects is largely unknown. Moreover, few study sought to test a possible association between dopaminergic asymmetry and BMI.

This study aimed at determining the relationship of DA D2/3 receptor availability in striatal subregions and its asymmetry with BMI in non-obese subjects using \[^11^C\]raclopride, a DA D2/3 receptor radioligand, and positron emission tomography (PET).

MATERIALS AND METHODS
=====================

Subjects
--------

Non-obese healthy males were recruited by advertisement. We excluded individuals with a history of neurological or psychiatric disorders such as epilepsy, head injury, and depression. BMI, calculated as weight (kg)/height^2^ (m^2^), was acquired during the recruitment procedures, and obese individuals, defined as BMI\>30 kg/m^2^, were excluded. Twenty-five non-obese healthy male subjects (mean (±SD) age 23.3±2.9 y \[18-29 y\]; mean BMI 22.0±2.5 \[17.6-28.0\]; mean body weight 67.5±8.5 kg \[54.0-85.0 kg\]) participated in the study after having given written informed consent ([Table 1](#T1){ref-type="table"}). All subjects were right-handed. Five subjects were smokers, who were asked not to change their smoking habits prior to the scan.

PET scan
--------

PET scans were acquired using a Siemens ECAT EXACT 47 PET scanner (CTI/Siemens, Knoxville, TN, USA) in 15 subjects or a GE Advance PET scanner (GE Medical Systems, Waukesha, WI, USA) in 10 subjects. Image acquisition protocols were the same for the two scanners and images were reconstructed using parameters recommended by the manufacturer of each scanner. We analyzed the images of all subjects as a one pool. After a 10-min transmission scan, \[^11^C\]raclopride was delivered in a 48-ml syringe (average activity 29.3±16.8 mCi) and administered by a computer-operated pump with a fixed time schedule: at time 0, a bolus dose of 21 ml was given over 1 min and then the rate of infusion was decreased to 0.20 ml/min and was maintained for the remaining time. The bolus to infusion rate ratio (K~bol~) was 105 min. This protocol was selected based on the optimization procedure developed by Watanabe and coworkers, which was known to be optimal in establishing equilibrium state in approximately 30 min after initiation of the radioligand injection \[[@B14]\].

Emission data were collected in the three-dimensional mode for 120 min as 30 successive image frames of increasing duration (3×20 s, 2×1 min, 2×2 min, 1×3 min, and 22×5 min) were recorded. PET images obtained using the Siemens ECAT EXACT 47 PET scanner were reconstructed using a Shepp-Logan filter (cut-off frequency=0.35 mm) and displayed in a 128×128 matrix (pixel size=2.1×2.1 mm with a slice thickness of 3.4 mm). Images from the GE Advance PET scanner were reconstructed in a 128×128 matrix (pixel size=1.95×1.95 mm with a slice thickness of 4.25 mm) using a Hanning filter (cut-off frequency=4.5 mm).

Image analysis
--------------

The resting state DA D2/3 receptor availability was assessed using PET images of 30-50 min after \[^11^C\]raclopride injection, during which the binding of the radioligand attained equilibrium. Four PET frames during this period were realigned and summed for coregistration with individual MR images and transformation into standardized stereotaxic space by means of automated feature-matching to the MNI template. \[^11^C\]Raclopride binding potential (BP) as a measure of DA D2/3 receptor availability was calculated in a voxel-wise manner to generate parametric BP images, using the cerebellum as the reference region, as (C~voxel~-C~cb~)/C~cb~ \[[@B15]\], where C~voxel~ is the activity in each voxel and C~cb~ is the mean activity in the cerebellum. Regions of interests (ROIs) were drawn manually on coronal slices of high-resolution brain MR image (Colin brain) on the left and right striatal subregions (dorsal putamen, dorsal caudate, and ventral striatum). The boundaries of ROIs were delineated according to a previously developed method \[[@B16]\]. Using these ROIs, BP values in striatal subregions were extracted from individual BP images ([Fig. 1](#F1){ref-type="fig"}). Also, the asymmetry index of BP (AI~BP~) was calculated as (right-left)/(right+left) for each striatal subregion, so that a positive value indicates higher AI~BP~ in the right side relative to the left. The relationships of \[^11^C\] raclopride BP and AI~BP~ with BMI were tested using the two-tailed Pearson correlation with SPSS 16.0 (Chicago, Illinois).

RESULTS
=======

\[^11^C\]Raclopride BP in either of the six striatal subregions had no significant correlation with BMI (r=-0.25, p=0.23 in the left dorsal putamen; r=-0.14, p=0.52 in the right dorsal putamen; r=-0.22, p=0.30 in the left dorsal caudate; r=-0.18, p=0.40 in the right dorsal caudate; r=-0.18, p=0.40 in the left ventral striatum; r=-0.19, p=0.36 in the right ventral striatum). However, there was a significant positive correlation between the AI~BP~ in the dorsal putamen and BMI (r=0.43, p\<0.05) ([Fig. 2](#F2){ref-type="fig"}), suggesting that greater BMI is associated with higher D2/3 receptor availability in the right dorsal putamen relative to the left. The AI~BP~ in either dorsal caudate and ventral striatum had no significant correlation with BMI (r=0.01, p=0.98 in the dorsal caudate; r=-0.13, p=0.53 in the ventral striatum).

DISCUSSION
==========

In the present study, we examined the relationship of DA D2/3 receptor availability in striatal subregions and its asymmetry with BMI in non-obese healthy male subjects using \[^11^C\]raclopride PET. There was no direct relationship between striatal D2/3 receptor availability and BMI in our non-obese subjects. This is consistent with the report by Wang et al. \[[@B7]\] using \[^11^C\]raclopride PET. Although they found an inverse correlation between striatal D2 receptor availability and BMI in obese individuals, no such a correlation was observed in non-obese controls. However, we found an association of BMI with the right-left asymmetry in D2/3 receptor availability in the dorsal putamen in non-obese subjects.

As a part of the habit learning and reward system, striatum is a core structure of the dopaminergic neuronal circuitry that mediates the reinforcing effect of food and other rewards, including drugs abused by humans. Functional differences between dorsal and ventral striatum in the food motivation were reported. The action of dorsal striatum was more essential for the feeding behavior itself and its pleasantness \[[@B13]\], while ventral striatum was more sensitive for the food cues and expectation level of given food stimulation \[[@B17]\]. Also, studies in mice \[[@B12]\] as well as humans \[[@B18]\] suggested differential roles of DA in dorsal and ventral striatum in regulating food intake. The notion was that DA in dorsal striatum is implicated in maintaining caloric requirements for survival, while DA in ventral striatum is involved in the rewarding properties of food. This may be linked, directly or indirectly, with the association between BMI and the asymmetry in D2/3 receptor availability in the dorsal putamen in our non-obese subjects, in that food intake in normal weight individuals is likely controlled by caloric requirements, not by the reinforcing property of food.

Much evidence suggests that the human brain is anatomically and functionally lateralized. While asymmetries in DA and other neurotransmitters have been reported in postmortem human brain \[[@B19]\], molecular and functional imaging techniques revealed evidence for neurochemical asymmetries in living human brain, providing more opportunities to directly examine the relationship between the brain laterality and human behavior and function. PET and SPECT (single-photon emission computed tomography) studies in healthy subjects have shown hemispheric asymmetries in dopaminergic markers in the striatum, including DA D2/3 receptor availability \[[@B20]\], DA transporter density \[[@B21]\], and DA synthesis capacity \[[@B22]\]. Although these studies reported a population bias towards higher values of radioligand binding in the right as compared to left striatum based on group averages, there were considerable individual differences, not only in the magnitude, but also in the direction of asymmetry. In animals, individual differences in dopaminergic asymmetry have been shown to covary with, or predict, individual differences in spatial behavior and stress reactivity, as well as susceptibility to stress pathology and drug sensitivity \[[@B23]\]. In humans, associations between cognitive functions and the pattern of asymmetry in DA D2/3 receptor availability have been reported \[[@B24]\]. Our findings reveal a significant association between BMI and the direction and magnitude of asymmetry in striatal D2/3 receptor availability in non-obese subjects.

In our non-obese subjects, greater BMI was linked with higher D2/3 receptor availability in the right dorsal putamen relative to the left. This is in contrast to a previous study showing that greater positive incentive motivation was associated with higher D2/3 receptor availability in the left relative to the right putamen \[[@B24]\]. The opposite direction of asymmetry may hint at different neurochemical mechanisms underlying the regulation of food intake between obese and non-obese individuals.

Our study has several limitations. First, three of our subjects had BMI higher than 25 their BMIs can be classified into overweight (23.0-24.9) or obesity (≥25.0) groups according to Asian criteria. However, our subject group is composed of fit healthy young adults and taking into account that BMI is related not only to fat free mass but to a lesser extent, also to body build, we classified those subjects as non-obese overweight subjects following the opinion of WHO Expert Consultation \[[@B25]\] that suggested retaining the current international classifications for obesity (≥30.0). To exclude the possible effect of including borderline over weight subjects in our current study, we re-tested our statistical analysis with 22 subjects after excluding those three subjects. The results exhibited a higher correlation than the analysis done with 25 subjects and showed also an increased significance level (r=0.55, p=0.008). Second, since \[^11^C\]raclopride binding is sensitive to competition with endogenous DA, it is difficult to determine whether the asymmetry of DA D2/3 receptor availability represents that of receptor density or that of levels of endogenous DA. DA D2/3 binding as measured by \[^11^C\]raclopride is heterogeneous within the striatal regions with higher binding in the dorsal striatum than in the ventral striatum \[[@B26]\]. Thus, \[^11^C\]raclopride PET might not have a sensitivity good enough for detecting subtle interindividual and interregional differences in D2/3 receptor availability in the ventral striatum. Further studies are needed to explore the dopaminergic system in limbic striatal and extrastriatal regions using radioligands that have higher affinity and selectivity for DA D3 receptors. Finally, relatively small sample which consisted only of males, limiting the generalizability of our findings.

In conclusion, the present results suggest an association between BMI and the pattern of asymmetry in DA D2/3 receptor availability in the dorsal putamen in non-obese individuals, such that greater BMI is associated with higher receptor availability in the right dorsal putamen relative to the left. Indeed, the information that is related with neurochemical lateralization of DA not only gives a hint in predicting the clinical course of obesity onset or development of food intake related disease such as anorexia nervosa and bulimia nervosa more importantly, it would work as a biomarker to predict treatment prognosis in those disease. Our results, combined with previous findings, may also suggest neurochemical mechanisms underlying the regulation of food intake in non-obese individuals. These may have important implications for understanding and predicting individual differences in responding to food related rewards and the development of \"obesity\" from \"non-obese state.\"
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